Formation of hydroxyapatite (HAP) within collagen fibrils, as found in bone, dentine and cementum, is thought to be mediated by proteins rich in aspartate (Asp) and glutamate such as osteopontin and bone sialoprotein, respectively. Indeed polyaspartate ( pAsp), a homopolymer analogue of such proteins, has been shown to induce intrafibrillar mineralization of collagen from solutions of calcium and phosphate that are supersaturated with respect to HAP. To elucidate the role of pAsp in mineralization of collagen, we explored the effect of pAsp chain length on in vitro HAP deposition in demineralized mouse periodontal tissue sections. Through characterization of both tissue sections and mineralizing solution, we show that chain length contributes to the effectiveness of pAsp in mediating intrafibrillar mineralization. This function appears to be associated with inhibition of otherwise kinetically favoured crystallization in the bulk solution, which allows for intrafibrillar crystallization, though this does not preclude the possibility of a more active role for pAsp in addition. Inhibition of crystallization in solution by pAsp occurs by slowing the growth of amorphous calcium phosphate and stabilization of this phase, rather than by sequestration of Ca 2þ ions. These results suggest that the length of Asp-rich sequences of mineralizing proteins may be essential to their function, and could also be useful in optimization of mineralized tissue replacement synthesis.
Introduction
Most mammalian mineralized tissues are composites of hydroxyapatite (HAP) and collagen fibrils, with between 10% and 80% of bone and dentine HAP estimated to be intrafibrillar [1] [2] [3] [4] [5] , probably depending on tissue type. The extent of intrafibrillar mineralization [6 -8] and thickness of intrafibrillar HAP platelets [6, 9] is essential to the mechanical properties of bony tissues. A comparison of normal and anomalously mineralized dentine [7] showed that intrafibrillar mineral contributes significantly to the elastic modulus and hardness of the tissue independent of total mineral content [10] . Therefore, intrafibrillar HAP is important to the mechanical properties of collagenous mineralized tissues. For this reason, an understanding of the mechanisms of intrafibrillar mineralization and the role of mineralizing proteins in directing intrafibrillar mineralization is needed. This will lead to improved materials for fixation, replacement and repair of bony tissues.
Though for many years demonstration of in vitro intrafibrillar HAP formation of was elusive, recently the use of anionic polyelectrolytes such as polyaspartate ( pAsp) [11] [12] [13] and polyacrylate [14] , as well as polycationic poly(allylamine) [15] , in spontaneously precipitating calcium phosphate (CaP) solutions has successfully generated intrafibrillar HAP. The mineralizationassociated proteins fetuin [16] and osteopontin [17] have now also been demonstrated to induce intrafibrillar mineralization of collagen. Mineralizing proteins are typically enriched in aspartate (Asp) and/or glutamate residues [18, 19] , which are thought to be important for their mineralregulating properties [20] [21] [22] , and pAsp and polyglutamate (pGlu) sequences are known to bind to HAP [23] . Both pAsp and pGlu act as nucleators of HAP when adsorbed to a surface, but inhibit its formation in solution [24] , while in double-diffusion agarose gel systems, pGlu is reported to either nucleate [20] or mildly inhibit [21] HAP, depending on solution conditions and pGlu concentration. Polycarboxylates are therefore considered to be analogues of mineralizing proteins [25] . However, their role in intrafibrillar mineralization is not well understood and the parameters which govern their effectiveness are not well described.
There are two main theories regarding the mechanism of polycarboxylate-mediated intrafibrillar mineralization. The polymer-induced liquid precursor hypothesis [11] suggests that the polycarboxylate sequesters mineral ions, leading to formation of a stable hydrated amorphous precursor phase which is subsequently drawn into collagen fibrils and crystallizes. This is supported by cryo-transmission electron microscopy (TEM) of type I collagen mineralized in the presence of pAsp, demonstrating the formation of intrafibrillar amorphous calcium phosphate (ACP) and subsequent crystallization to HAP [13] . Importantly, this study found that aggregates of ACP particles associated periodically with the fibrils, which were suggested to infiltrate the fibrils. The alternative inhibitor exclusion theory emphasizes the inability of protein inhibitors of CaP crystallization, like fetuin, to access the interior of collagen fibrils [26] , and uses this to explain specificity for intrafibrillar mineralization [16] . Recent work further suggests that the semipermeable nature of collagen fibrils could also contribute to intrafibrillar mineralization via the Gibbs -Donnan effect [15] . However, important questions remain regarding the mechanism of intrafibrillar mineralization, and specific roles of polycarboxylate additives like pAsp, as well as of mineralizing proteins. To elucidate physico-chemical roles of mineralized tissue-associated proteins, we remineralize fixed and demineralized thin sections of adjacent dental and periodontal tissues [27, 28] . The main advantage of this model is that it reproduces native tissue mineralization specificity because it incorporates native mineralizationassociated proteins which are lacking in many in vitro models. We previously found that after two weeks, remineralization with a simulated body fluid mimicking the ionic composition of blood plasma resulted in ACP accumulation in naturally mineralizing tissues, whereas a solution more highly supersaturated with respect to HAP and stabilized by pAsp led to formation of intrafibrillar HAP within hours [27] .
Here we investigate the effect of pAsp molecular weight (MW) on remineralization outcomes and characterize the remineralizing solution to gain insight into the mechanisms of intrafibrillar mineralization. While a few prior investigations [25, [29] [30] [31] [32] have examined the effect of pAsp or pGlu MW on CaP mineralization, these studies typically use a narrow relative range of MW, and only two specifically address intrafibrillar mineralization [25, 32] . Additionally, the MW dependence of pAsp-mediated intrafibrillar mineralization has only been evaluated for relatively large MWs (between 5.5 and 32.2 kDa). This work examines much smaller polymers and peptides, in an attempt to determine whether there is a lower MW limit at which pAsp can induce intrafibrillar mineralization.
Material and methods

Tissue processing
Tissue sections were prepared using a modified Tokuyasu method as described elsewhere [33] . In short, five week old CD1 mice (Charles River, QC, CA) were sacrificed by cervical dislocation according to a protocol approved by the Animal Care Committee at the University of Toronto. Mandibles were fixed in buffered fixative (Dulbecco's phosphatebuffered saline (DPBS) pH 7.4 with 0.8% paraformaldehyde (PFA) and 0.2% glutaraldehyde (GA)) at 48C for 24 h, and demineralized with continued fixation (DPBS pH 7.4 with 9.3% ethylenediaminetetraacetic acid (EDTA), 0.2% PFA, and 0.05% GA) at 48C for 7 days with daily solution changes. After infiltrating with 2.3 M sucrose, first molars and bony socket were mounted on a specimen carrier and frozen in liquid nitrogen.
Tissue sections
Transverse sections (210 nm thick) containing the lingual aspect of periodontal ligament (PDL), cementum and dentine were cut on an EM UC6-NT ultramicrotome EM FC6 cryochamber (Leica Microsystems GmbH, Wetzlar, DE) at 2808C using a diamond CryoImmuno knife (Diatome, USA, Hatfield, PA, USA), picked up on a droplet of 2.3 M sucrose and deposited on glow-discharged carbon coated formvar-supported 200 mesh nickel Gilder TEM grids (Electron Microscopy Sciences, Hatfield, PA, USA). Sections were washed 2Â 30 min on 50 ml ultrapure (18.2 MV cm) water, then overnight on 50 ml 12.5% EDTA pH 7.4 to ensure complete demineralization, followed by 3 Â 30 min on 50 ml ultrapure water prior to remineralization.
Remineralizing solution
The remineralizing solution composition was based on the solution used by Deshpande & Beniash [12] , consisting of 125 mM NaCl (Sigma-Aldrich, St Louis, MI, USA), 1.7 mM CaCl 2 (Sigma-Aldrich, St Louis, MI, USA), 9.5 mM Na 2 HPO 4 (Electron Microscopy Sciences, Hatfield, PA, USA), but we opted to buffer the solution with 50 mM Tris at pH 7.40 (Sigma-Aldrich, St. Louis, MI, USA). This final composition was achieved by combining three separate solutions: two parts Tris-buffered saline (TBS) (125 mM NaCl, 50 mM Tris, pH 7.40), one part calcium solution (6.8 mM CaCl 2 in TBS) and one part phosphate solution (38 mM Na 2 HPO 4 in TBS). These solutions were filtered through a 0.2 mm acrodisc syringe filter (Pall Life Sciences, Port Washington, NY, USA) and heated to 378C before use. Where pAsp was added, it was dissolved in TBS and combined with the phosphate solution followed by addition of the calcium solution for a final concentration of 25 mg ml 21 .
Polyaspartate additives
Three different pAsp additives used were: M n ¼ 14.0 kDa poly-L-aspartic acid sodium salt (Alamanda Polymers, Huntsville, AL, USA), M n ¼ 1.4 kDa poly-L-aspartic acid sodium salt (Alamanda Polymers, Huntsville, AL, USA), and poly-L-aspartic acid MW ¼ 708.5 Da (American Peptide Company, Sunnyvale, CA, USA), respectively corresponding to a degree of polymerization between 90 and 110 (pAsp100), a degree of polymerization between 8 and 12 (pAsp10), and a degree of polymerization of 6 (pAsp6). We note that pAsp10 and pAsp100 are synthesized by a different method than pAsp6, and though they are sold as poly-L-aspartic acid, they are known to contain some D enantiomers [34] .
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Section remineralization
Tissue sections were remineralized on-grid by floating on individually prepared 100 ml volumes of remineralizing solution in closed 200 ml tubes in a humidified incubator at 378C. After remineralization, grids were washed 3Â 1 min on 50 ml ultrapure water and wicked dry. Preliminary investigations determined that crystalline material could reliably be observed in control or pAsp6 remineralizations after 2 h, while pAsp10 or pAsp100 remineralizations required 4 h for crystalline material to form. These time points were used for further experiments, as longer remineralization times led to overgrowth of mineral which precluded TEM analysis.
2.6. Particle sampling for transmission electron microscopy analysis
2 Âand 1 Â remineralization time points (corresponding to 30 min, 1 h and 2 h for control and pAsp6 solutions, and 1 h, 2 h and 4 h for pAsp10 and pAsp100 solutions), 3 ml aliquots were collected from 100 ml of solution without remineralizing tissue sections and deposited onto supported TEM grids. After 2 min, the grids were washed in 1 ml fresh methanol for 10 s.
Transmission electron microscopy
Remineralized sections and deposited particles were analysed by TEM and selected area electron diffraction (SAED) on a Tecnai 20 (FEI, Hillsboro, OR, USA) with a LaB 6 filament (Electron Microscopy Sciences, Hatfield, PA, USA) operating at 200 kV. Images were collected using an AMT1600 side-mount camera (Advanced Microscopy Techniques, Woburn, MA, USA). SAED patterns were calibrated using a gold shadowed latex standard (Electron Microscopy Sciences, Hatfield, PA, USA), and analysed using IMAGEJ (NIH, Bethesda, MD, USA).
Particle measurements
The diameter of large particles in aggregates were measured manually from micrographs taken at 29 000Â magnification in IMAGEJ. Smaller, unaggregated particle sizes were estimated from 100 000Â magnification micrographs using the Analyze Particles command of IMAGEJ to measure the cross-sectional area. This was converted to a diameter assuming the particles were spherical.
Ca 2þ ion-selective electrode measurements
The Ca 2þ ion-selective electrode (ISE; perfectION Combination Calcium Electrode, Mettler Toledo, Greifensee CH) was calibrated in standards prepared from serial dilutions of the calcium solution in TBS diluent, thereby maintaining an ionic composition reflecting the composition of the remineralizing solution and minimizing errors from compositional variation. Typically a two-point calibration was employed, but validity of this method was verified by comparison with three-point calibrations. All Ca 2þ -ISE measurements were carried out on 2.0 ml of section-free solution at 378C without stirring, leaving 2 min after submersion to allow the reading to stabilize. The electrode was thoroughly washed and rinsed between measurements, and was regularly regenerated in 10 mM CaCl 2 solution and recalibrated during experiments. In initial experiments, we found that solution stability was drastically reduced when we performed continuous [Ca 2þ ] monitoring, an issue possibly related to the membrane module or junction of the electrode in conjunction with the small volume used. This led us to perform intermittent measurements, which appeared to mitigate the issue. 
Dynamic light scattering
Dynamic light scattering (DLS) experiments were performed on remineralizing solutions at 378C using a Zeta-sizer Nano (Malvern Instruments, UK) with 1738 geometry and 4 mW 633 nm He-Ne laser. During preliminary tests, we found that the average scattering intensity from freshly prepared remineralizing solutions was on par with that obtained from the buffered saline solution alone, which was reflected in low quality autocorrelation data. Previous light scattering studies [35, 36] of CaP solutions have demonstrated a similar lag in the development of the scattering signal. At later times, intensity rose sufficiently above the background, so in these experiments we waited after mixing the solutions before probing the system by DLS.
Statistical analysis
All experiments were repeated a minimum of three times, and one-way ANOVA with Bonferroni post hoc tests (a ¼ 0.05) were performed using ORIGINPRO8 (OriginLab Corporation, Northampton, MA, USA).
Results and discussion
Section remineralization
To determine the effect of MW on pAsp-mediated intrafibrillar mineralization, we remineralized tissue sections in 100 ml of remineralizing solution prepared either with no additive (control), or with 25 mg ml 21 pAsp6, pAsp10, or pAsp100
(figure 1). TEM micrographs of demineralized tissue sections demonstrate that the electron density of the collagenous matrix from different tissues is similar [27] , so variations in electron density after remineralization reflect the amount of associated mineral. TEM of remineralized samples showed that without additives or with pAsp6, crystal clusters formed on the entire tissue section ( figure 1 ) and, to a lesser extent, on the adjacent support film of the TEM grid (electronic supplementary material, figure S1 ). SAED exhibited full diffraction rings characteristic of HAP both on the support film and associated with the tissues, demonstrating random orientation of the mineral. This suggests that the mineral is formed on top of rather than within the tissue sections. Dentine could be distinguished from cementum by its greater electron density, while cementum had only slightly higher density than PDL. By contrast, with pAsp10 or pAsp100 as additives, the support films were largely clean with only occasional amorphous particles (electronic supplementary material, figure S1 ). The naturally mineralizing tissues cementum and dentine remineralized selectively rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180269 with pAsp10 (figure 1); electron-dense material was localized to collagen fibrils within these tissues while PDL remained largely unmineralized, as we have observed previously [27] . SAED (inset) of cementum or dentine produced arcs associated with HAP (002) plane spacing, indicating co-alignment of the HAP c-axis with the long axis of collagen fibrils, while electron density associated with HAP coincides with the collagen fibrils, suggesting that the HAP is intrafibrillar. Remineralization with pAsp100 resulted in more extensive mineral deposition, evidenced by uniformly dark cementum and dentine, suggesting presence of mineral between, in addition to within, the collagen fibrils, again displaying SAED arcs aligned with the prevailing direction of collagen fibrils. In contrast to control and pAsp6 remineralizations, and despite the presence of mineral between collagen fibrils, there did not appear to be any crystals on the surface of the section, which suggests that the mineral was contained within the tissue sections. In both pAsp10 and pAsp100 remineralizations, fringes of mineral extended into PDL from cementum, very closely following collagen fibrils, with more of these evident in the pAsp100 remineralization, consistent with more extensive mineral deposition overall. These results show that in both pAsp10 and pAsp100 remineralizations, intrafibrillar HAP forms selectively within the naturally mineralizing tissues cementum and dentine, while superficial crystallization is inhibited. Without additive or with pAsp6 on the other hand, substantial amounts of superficial HAP deposited without selectivity. Evidently, in this system, an important role for pAsp is to delay HAP nucleation in the bulk solution long enough for a substantial amount of intrafibrillar HAP to form, though it may also be involved in additional roles such as mineral transport. Moreover, the spatial selectivity in our tissue-based remineralization model demonstrates that matrix-bound macromolecules also play an important role in modulating the local rate of mineralization, emphasizing that a combination of solution and matrix factors control collagen biomineralization. Mineralization rates within the tissues are controlled by the immobilized proteins of the extracellular matrix, but for mineralization to occur exclusively within the tissue section, the formation of mineral in the solution must be sufficiently inhibited by pAsp. Without an appropriate inhibitor, the kinetically favoured superficial crystallization precludes any significant deposition of intrafibrillar HAP. The importance of crystallization kinetics in biological control of collagen mineralization is also central to the inhibitor exclusion theory of mineralization of Price et al. [16] . While both pAsp10-and pAsp100-containing solutions resulted in selective remineralization of periodontal tissue sections, the extent, and thus overall rate, of mineralization was higher for pAsp100, possibly reflecting interplay between chain length and chain concentration. This result parallels the recent findings that mineralization of a collagen sponge is more extensive with 32 kDa pAsp than 10.3 kDa pAsp [32] , and that lower concentrations of pAsp result in an increased rate of CaP infiltration and intrafibrillar crystallization [13, 37] . These observations may be explained by the studies of Zeiger et al., who showed that pre-adsorption of pAsp to collagen fibrils inhibits subsequent pAsp-mediated intrafibrillar mineralization [38] . Thus, in pAsp10 solutions, the higher concentration of polymer chains (compared to pAsp100 solutions) may lessen the extent of pAsp-mediated mineralization by competition for collagen binding sites between free pAsp and CaP-bound pAsp. This interpretation is consistent with the view that pAsp and pAsp-CaP complex interactions with collagen are important in delivery of CaP to the collagen fibril (whether mediated by charge [13] , or capillary forces [11] ), since these interactions would presumably be inhibited by competitive adsorption of free pAsp to collagen fibrils. However, the question remains as to why the effect of pAsp6 is so different from pAsp10 and pAsp100.
Determination of Ca 2þ -binding by polyaspartate
We hypothesized that the changes in remineralization behaviour with pAsp chain length may result from differences in Ca 2þ -binding. We therefore determined the extent to which pAsp interacts with free Ca 2þ in an equivalent solution, but lacking inorganic phosphate, using Ca 2þ -ISE measurements.
Owing to limited resolution of the ISE at such high Ca 2þ concentrations, we performed these binding assays using 125 mg ml 21 pAsp (equivalent to 1 mM Asp residues), which is fivefold higher than in the remineralizing solutions. In these conditions pAsp binds relatively little Ca 2þ ( figure 2) It is evident that Ca 2þ sequestration alone cannot explain the difference in remineralization behaviour. decreased rapidly, signalling the formation of HAP [41] [42] [43] . Lag times, estimated from the intersection of linear extrapolations of lag and decreasing regions of the plot, showed considerable variability, as previously noted by others [36, 44, 45] , so lag time ranges are provided. Control and pAsp6 solutions exhibited a lag time on the order of 1.2 to 2.2 h, which is similar to the time at which superficial HAP formed (2 h), and well below the 4 h where intrafibrillar HAP was observed in pAsp10 and pAsp100 remineralizations. Higher pAsp MWs inhibited HAP formation: pAsp10 extended the lag time to at least 6 h, while pAsp100 extended the lag time to at least 27 h, in both cases well beyond their associated 4 h remineralization times. Clearly, HAP formation is best inhibited by pAsp100, and pAsp10 still exhibits appreciable inhibitory activity, while pAsp6 does not. The lack of crystallization inhibition in the bulk solution by pAsp6 correlates with its pattern of remineralization on tissue sections, while those additives that delay crystallization (pAsp10 and pAsp100) led to selective mineralization of tissue sections ( figure 1) . Notably, the additive that most delays HAP formation in the solution (pAsp100) results in the highest rate of tissue section remineralization. Jee et al. have also reported that accumulation of HAP in a collagen sponge increases with pAsp MW, though for polymers in the range of 5.5-32.2 kDa [32] .
Measurement of free calcium in remineralizing solutions
Dynamic light scattering of mineralizing solutions
To investigate the effect of pAsp chain length on CaP precipitation in the solution, we performed DLS measurements of rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180269 the remineralizing solutions. We used signal intensity as an indirect indicator of particle formation rather than reporting particle size directly, since there is a growing body of evidence that initial precipitates from solutions of Ca 2þ and phosphate are fractal aggregates of nanoscopic particles [35, 43, [46] [47] [48] , which results in broad polydispersity indices. For all remineralization conditions, the signal intensity in kilocounts per minute (kcpm) increased linearly with time over most of the period relevant to remineralization (figure 4). After about 90 min, control solutions exhibited an abrupt signal increase, presumably corresponding to onset of crystallization. In pAsp6 solutions, signal intensity stopped increasing after about 2 h, then displayed a similar jump in signal intensity around 3 h. With pAsp10 and pAsp100, signal intensity increased linearly in excess of 8 h, reflecting the solution stability demonstrated by Ca 2þ -ISE measurements. These results suggest that in the bulk solution, crystallization is delayed by all lengths of pAsp, but much more so for pAsp10 and pAsp100 than for pAsp6. The linear rate of DLS signal increase ( figure 5) .
ANOVA indicated that, except for the difference between pAsp10 and pAsp100, these rates are significantly different. This shows that formation of ACP particles is affected by pAsp. However, the data are ambiguous because increases in scattering intensity can be associated with densification of particles, particle growth, or an increase in the number of particles [35] . Since [Ca 2þ ] in the mineralizing solutions is relatively constant during the lag phase, increases in signal intensity are most attributable to an increase in size or density of ACP particles. These DLS data detail the formation and development of particles in the remineralizing solutions. Compared to control and pAsp6 solutions, pAsp10 and pAsp100 solutions exhibited significantly lower rates of increase in signal intensity. The pAsp6 solution exhibited behaviour similar to the control, but signal intensity increased significantly faster for pAsp6. Thus, ACP particle formation is apparently slowed by pAsp10 and pAsp100, while pAsp6 enhances particle formation.
Transmission electron microscopy analysis of particles
To determine the size of ACP particles, we isolated the particles from solution for TEM analysis, sampling solutions at the equivalent of , and the full remineralization time for relevance to the remineralization process. Thus, control and pAsp6 solutions were sampled at 0.5, 1 and 2 h, while pAsp10 and pAsp100 solutions were sampled at 1, 2 and 4 h.
Samples from all solutions had similar features as shown for 1 2 and full remineralization time (figures 6 and 7, respectively): low magnification micrographs showed a variety of aggregates, many with a major dimension in the order of 1 mm or greater. These aggregates typically contained fairly distinct, approximately spherical particles. SAED of these aggregates (not shown) exhibited no signs of crystallinity. In addition, a variety of smaller, unaggregated particles were also apparent at higher magnification. At full remineralization time, the particles in control solutions were clearly larger than those containing pAsp, while the pAsp100 solution showed the least distinct particles, with associated diffuse material. Manual diameter measurements (electronic supplementary material, table S1) showed the particles in control solutions to have a diameter of 70 nm at full mineralization time (2 h), compared to diameters of 20 -30 nm at earlier time points, or in pAsp-containing solutions at all time points. Our TEM analysis indicates that the size of the ACP particles remains relatively constant, with the exception of the control solution, and revealed the presence of large aggregates consistent with ACP aggregates previously identified by TEM and cryo-TEM [13, 41, 43, [49] [50] [51] . This shows that at 25 mg ml 21 pAsp inhibits the significant size increases observed in control particles, but not aggregation of ACP particles.
Our results show that pAsp100 more effectively inhibits CaP crystallization in solution than pAsp10, though both induce intrafibrillar mineralization in dentine and cementum. Scattering intensity data suggest that pAsp6 may also have a minor inhibitory effect, but this does not induce intrafibrillar mineralization owing to the kinetic favourability of superficial crystallization. The minimal inhibitory activity of pAsp6 is intriguing, and may be instructive in understanding the nature of pAsp-CaP interactions, possibly indicating that there is a critical pAsp chain length that is required to effectively stabilize ACP particles and prevent their transformation to HAP. However, little is known about how mineralizing proteins or their peptide analogues interact with mineral precursors and stabilize ACP, though small angle neutron scattering suggests that fetuin stabilizes supersaturated solutions of calcium and phosphate by binding sub-nanometre CaP clusters [52] . Interactions of mineralization-inhibiting peptides with HAP have been more thoroughly studied both in vitro [23, 53, 54] and in silico [53, 54] , and are thought to inhibit crystal growth by binding to crystal faces or step edges. Presumably inhibition of HAP nucleation by proteins and peptides would similarly occur by interaction with the forming ACP phase, either binding to the surface of, or being incorporated into the nascent phase.
Though a much less potent inhibitor of HAP formation than pAsp [21] , a similar MW dependence has been reported for inhibition of CaP crystallization by pGlu, with potency of the 20 mer approaching that of the 340 mer [29] . While it is important to not overstate the parallels between pAsp and mineralization-regulating proteins, which are compositionally more complex, such diminishing returns with increasing MW may help explain the length of mineralization-regulating sequences in proteins. For example, the Asp-rich domain of osteopontin [21] has a sequence of at least seven Asp residues in an 8 to 10 residue stretch [55] , and nine consecutive Asp residues in rat [56] . This sequence length could provide the basis for phosphorylationdependent inhibition of de novo crystallization by proteins like osteopontin. However, we note that pAsp10 and pAsp100, synthesized by ring-opening polymerization of alpha-amino acid N-carboxyanhydrides, are not optically pure, consisting of both L and D enantiomers [34] , and probably a and b isomers also [57] . Thus, they probably differ structurally from pAsp6 which was prepared by solid phase peptide synthesis. This additional level of structural complexity will need to be addressed in future work.
Conclusion
There appears to be a MW dependence on the inhibitory activities of pAsp, with pAsp100 more effectively inhibiting crystallization than pAsp10, and pAsp6 not significantly inhibiting superficial HAP at the same concentration. Since pAsp does not bind relevant amounts of Ca 2þ in these conditions, this inhibition is probably not owing to interactions with free Ca 2þ , but rather interactions with forming ACP, delaying particle development and transformation to HAP. This inhibition correlates with remineralization outcomes on demineralized periodontal tissue rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180269 sections. Evidently, superficial HAP formation is kinetically favoured, so intrafibrillar HAP forms preferentially only when pAsp inhibits crystallization within the solution-accessible compartment. However, intrafibrillar HAP does not form in natively non-mineralizing PDL, indicating that mineralized tissue-associated nucleators of HAP accelerate the kinetics of intrafibrillar mineralization in dentine and cementum. Therefore, a combination of solution-based inhibition and matrix-based promotion of crystallization affects selective deposition of intrafibrillar HAP within naturally mineralizing tissues. These findings will be useful in understanding the biological control of collagen mineralization, and in generating mineralized interfacial constructs for biomedical applications. Figure 7 . TEM micrographs of particles isolated from solutions at full remineralization time (2 h for control (a) and pAsp6 (b) solutions, 4 h for pAsp10 (c) and pAsp100 (d ) solutions). Note how control particles are significantly larger than in other treatments. Inset ( pAsp6, pAsp10): higher magnification image of unaggregated particles; inset ( pAsp100): higher magnification image of unaggregated particles (top) and aggregated particles with associated diffuse material (bottom).
